Oxygen is one of the most important substances for physiological reactions and metabolisms in biological systems. Through the tailored design of oxygen-releasing materials it might be possible to control different biological processes. In this work we synthesized for the first time zinc peroxide nanoparticles with controlled sizes and biofunctionalized surfaces using a one-step reaction procedure. The zinc peroxide nanoparticles were obtained with tunable sizes (between 4.0 AE 1.2 nm and 9.4 AE 5.2 nm) and were decorated with glucose 1-phosphate (Glc-1P). The specific interaction of the phosphate function of Glc-1P with the nanoparticle surface was monitored by solid state 31 P-NMR and zeta-potential measurements.
Introduction
The majority of bacterial infections are treated through antibiotics these days. These drugs are essential in many medical treatments like chemotherapy, organ transplantation and surgical procedures and reduce the human mortality and morbidity drastically.
1,2 However, the number of antibiotic resistant microorganisms is increasing globally. This resistance can occur through intrinsic effects, mutations in chromosomal genes or horizontal gene transfers. 3 For example bacteria can reduce their cell wall permeability, which causes a drug concentration reduction inside the bacterial cells and reduction of drug efficiency.
4,5
Furthermore Gram-negative and -positive bacteria posses transport proteins (efflux pumps (EP)) in the cytoplasmic membrane, which can remove toxic molecules. 5, 6 Another mechanism which increases bacterial resistance is the destruction of the active components of antibiotics. 1, 7 Further the formation of bacterial biolms represents a highly effective protection method against antibiotics. 8 The biolm itself acts as a diffusion barrier and neutralizer, against antibiotics which minimizes the intracellular antibiotic concentration. [9] [10] [11] [12] [13] Additionally the bacterial mutation rates and horizontal gene transmissions are signicantly higher in biolms compared to planktonic bacterial cells, which causes further antibiotic resistances.
13,14
Therefore there exists a tremendous need in development of new highly efficient antibacterial substances. For example antimicrobial peptides which can disrupt the bacteria cell wall causing leakage of the cellular content were tested on mammalian cells. 15 Further antisense oligonucleotides were used to inuence the gene expression directly at the RNA. The nucleotides consist typically of 10-30 residues, which are complementary to the mRNA of interest. Thereby the nucleotides can block genes which are essential for the survival of the bacteria. 16, 17 Also different antibacterial polymers were developed and tested. Poly(hexamethylene biguanide) (polyhexanide) showed antibacterial properties against Gram-positive and -negative bacteria. The antibacterial activity of this cationic polymer is based on the interaction of the biguanide groups with the cytoplasmic membrane, the lipopolysaccharide and the peptidoglycan of the bacterial cell wall resulting in membrane destabilization and cellular leakage. 18 Recently, functional aqueous nanogels decorated with a controlled amount of surface-draed antimicrobial isoeugenol molecules have been developed. 19 These nanogels showed antibacterial activity against different Gram-positive and Gram-negative pathogens and cell-adhesive as well as tissue-cell growth promoting properties.
Among inorganic antibacterial agents, silver has been used for many centuries. It is thought that silver ions bind to thiol groups (-SH) in enzymes and subsequently cause the deactivation of enzymes. Recently, silver nanoparticles with diameter of 7.1 AE 1.2 nm were synthesized via a protein-mediated reduction and their inuence on the growth of Escherichia coli and Pseudomonas aeruginosa was investigated. It could be shown that the antibacterial properties were dependent on the nanoparticle concentration and that the interaction with the bacteria caused rupture of the cell membrane resulting in cell death. 20 Further silver nanoparticles can disrupt the cell envelope, oxidize cell components and inactivate the respiratory chain enzymes, which leads to the production of reactive oxygen species. [21] [22] [23] [24] [25] [26] The immobilization of silver and iron oxide nanoparticles on a graphene oxide surface led to an antibacterial nano-composite. This material showed better antibacterial properties against E. coli and Staphylococcus aureus compared to pure silver nanoparticles, which was caused through hydrophobic domains on the graphene oxide sheets. This increased the contact between the immobilized silver nanoparticles and the bacteria leading to higher activities. [27] [28] [29] [30] [31] [32] Furthermore layerby-layer lms of pure graphene oxide and poly(allylamine hydrochloride) showed also antibacterial properties against E. coli K12 MG1655. It was shown that these properties could be tuned by the layer numbers and by near-infrared laser irradiation. The observed activity increases were explained through increased layer roughness and synergistic effects resulting from membrane-stresses. 33 Zinc oxide nanoparticles possess antibacterial properties. Previous studies could show that the antibacterial activity increased with decreasing nanoparticle diameter and increasing nanoparticle concentrations.
34,35
Smaller particles can more easily adhere to (or even penetrate into) bacterial membranes due to their larger interfacial area, which increases the efficiency. Further it was shown that the photocatalytic generation of ROS is the major contributor to the antibacterial properties of zinc oxide nanoparticles. Zinc oxide generates electrons and holes under UV or visible light irradiation which can interact with water forming hydroxyl and/or superoxide anions which can induce bacteria cell death.
36
Another recent antibacterial approach was the synthesis of hollow mesoporous silica nanoparticles loaded with the antituberculosis drug isoniazid. Particle diameter of approximately 100.0 nm could be achieved and the antibacterial properties against M. smegmatis were investigated. It could be proven that the loaded nanoparticles were more effective compared to the pure drug which was explained through increased intrabacterial accumulation of isoniazid and the nonspecic adsorption of the positively charged nanoparticles on the negatively charged bacteria. This interaction led to bacteria injury, incomplete cell walls and even cell rupture and death.
37-39
Substances capable of releasing oxygen can also act as antibacterial agents against obligate to facultative anaerobes and microaerophilic aerobes. Previous studies proved that the bacteria concentration in infected tissues decreased constantly with increasing oxygen concentration. [40] [41] [42] [43] [44] This observation was explained through the metabolization of oxygen into ROS species through the continuous chain reaction mode and leukocytes present in the blood. The transformation of leukocytic superoxide anions to oxygen derivatives like hydrogen peroxide, hydroxyl radicals or oxygen radicals (ROS) is highly oxygen concentration dependent and one of the most important host defenses against bacterial infections.
45 Facultative anaerobes, microaerophilic aerobes but especially obligate anaerobes lack many or even all of the antioxidant defenses like superoxide dismutase, catalase and peroxidase. Therefore ROS species can impair bacterial amino acids, disturb their metabolic substrate transport, inhibit bacterial enzymatic activities by oxidizing the sulphydryl groups of amino acids or stop the bacterial reproduction by blockage of RNA transcriptions and DNA syntheses. 46 Based on these considerations a controlled and specic oxygen release induced by chemical compounds would be of high interest for antibacterial applications. Zinc peroxide is one of these compounds (Fig. 1) . Previous studies showed that zinc peroxide nanoparticles are capable of releasing oxygen triggered by temperature or pH value of the dispersion media. It could be shown that the nanoparticles released continuously oxygen for approximately 3.5 days at pH values lower 7.5 in aqueous dispersion. The amount of released oxygen was dependent and controllable by the different sample compositions and the chosen pH value. 47 The zinc peroxide nanoparticles, which could be used for biomedical applications have to fulll two requirements: they have to be small and uniform to guarantee a homogeneous distribution and controlled oxygen release and they should be biofunctionalized to ensure a specic interaction with the biological system.
The aim of this work was to synthesize zinc peroxide nanoparticles decorated with bioactive sugar molecules and to explore their oxygen release in aqueous media, their protein binding properties as well as antibacterial properties against different bacteria. Especially the biofunctionalization and the detailed bioactivity investigations were never performed for zinc peroxide nanoparticles to our knowledge. Recently we showed that high pressure impinging jet reactor (MRT CR5, Microuidics®) is best suited to obtain ultrasmall monodisperse and colloidally stable ZnO 2 nanoparticles by reaction of zinc acetate with hydrogen peroxide. 47 Classical synthesis routes like hydrothermal synthesis, laser ablation or sol gel synthesis always led to aggregation and high polydispersities of the nanoparticles which made them not suitable for biomedical applications. [48] [49] [50] The impinging jet reactor uses pressures up to 1400 bar and a y-formed reaction chamber with channel diameter of 75 mm which creates very high shear and impact forces (7 Â 10 6 s À1 ) inside the reaction chamber. These efficient mixing conditions in combination with stabilizing agents prevent the aggregation/agglomeration of the nanoparticles resulting in a uniform and stable product. 47 In this work we used glucose-1-phosphate (Glc-1P) for the stabilization of the ZnO 2 nanoparticles in aqueous medium and for introduction of the bioactive glucose molecules to the nanoparticle surface. The glucose functions acted as specic linker to the lectin Concanavalin A (ConA) which was proven by uorescence measurements. The precursor : glucose-1-phosphate ratio was systematically varied to investigate its inuence on the ZnO 2 nanoparticle size, amount of graed glucose molecules and oxygen release properties.
Experimental

Materials
All following chemicals were purchased from Aldrich, VWR, VectorLabs and Pfeifer & Langen GmbH & Co. KG and were used without further purication: zinc acetate dihydrate (Aldrich, $99.0%), hydrogen peroxide (VWR, 30 wt%), glucose-1-phosphate (Pfeifer & Langen GmbH & Co. KG; purity not available), ConA (VectorLabs), Oregon Green 488 NHS-Ester (ThermoFisher Scientic) and fully demineralized water.
Synthesis of ZnO 2 nanoparticles
The synthesis was carried out in a Microuidizer MRT CR5 of Microuidics® (Fig. ESI1 †) . This device consists of an intensier pump and a y-formed reaction chamber with channel diameter of 75 mm. The pump itself is capable of creating pressures up to 1400 bar, which results in combination with the small channels of the reaction chamber in very high shear and impact forces (7 Â 10 6 s À1 ) inside the reaction chamber. This impinging-jet reactor can be used as a continuous batch reactor which allows an easy control over parameters like reaction time and particle diameter by simply recycling the reaction solution.
Cycle number (reaction time) experiments were performed at sample. The purication steps were similar to the procedure mentioned above.
Oxygen release
The pH dependent oxygen release of the different nanoparticle samples was determined via long term measurements (6 to 7 days) under argon atmosphere with an optical oxygen sensor FDO®925 from WTW. This sensor can quantify the amount of dissolved oxygen in aqueous media via time dependent uo-rescence measurements. The sealed sensor head consists of a membrane containing a uorescent dye and a pulsed laser which generates low energy radiance (green light). The laser irradiates the uorescent dye inside the membrane which causes the emission of longer wavelength light during its relaxation which then is measured by the sensor. When oxygen is present in the measurement solution it diffuses through the membrane and shortens the emission duration of the uores-cent dye depending on the oxygen concentration which leads to the quantication of the oxygen. 47 
Interaction of ZnO 2 nanoparticles with lectin concanavalin A
The interaction between the nanoparticles and the lectin Concanavalin A (ConA) was investigated by uorescence measurements which were carried out on a Synergy 2 from BioTek®. The used ConA was labeled with Oregon Green 488 NHS-Ester by reacting 10 mg ConA with 3 eq. dye in phosphatebicarbonate buffer at pH 8. 120, 140, 160, 180 and 200 mL) were added to the used buffer for the inhibition measurements, while the following preparation steps were equally to the other uorescent measurements.
Antibacterial tests
To prove antimicrobial properties of the zinc peroxide nanoparticles we selected four pathogenic bacterial species with different degrees of oxygen tolerance: (i) Enterococcus faecalis, a Gram-positive, facultative anaerobic species which tolerates different atmospheric conditions and is frequently isolated from a variety of infectious processes. It most commonly infect the urinary tract, bloodstream, endocardium, burn and surgical site wounds, abdomen, biliary tract, catheters and other implanted medical devices and is used as pathogenic model organism. It is generally recognized as a robust organism and can be found in the oral cavity attached to implants; (ii) Aggregatibacter actinomycetemcomitans, a Gram-negative, capnophilic and fastidious organism which tolerates and needs a little amount of oxygen (microaerophilic). Together with the species mentioned below it is involved in the initiation and progression of human marginal periodontitis or peri-implantitis (inam-mation around teeth or titanium implants in the oral cavity); (iii) Porphyromonas gingivalis and (iv) Prevotella intermedia, both Gram-negative, obligate anaerobic rods with almost no (P. gingivalis) or very little (P. intermedia) oxygen tolerance. 51-54 The latter three species (A. actinomycetemcomitans, P. gingivalis and P. intermedia) were chosen because one application of zinc peroxide nanoparticles might be to form a protective layer around the subgingival part of (i) teeth, preventing periodontitis or (ii) dental implants, preventing peri-implantitis.
Zinc peroxide nanoparticles with 50.89 wt% ZnO 2 plus 49.10 wt% Glc-1P (ZnO 2 /Glc-1P (2/1)_30c (12 min)) and 30.53 wt% ZnO 2 plus 69.49 wt% Glc-1P (ZnO 2 /Glc-1P (1/1)_30c (12 min)) were used for the initial testing. A stock solution of 2000 mg mL
À1
of both nanoparticles was prepared using appropriate culture media: Mueller-Hinton Broth (MHB) in the case of E. faecalis, Brain-Heart-Infusion Broth (BHI) in the case of the three more fastidious organisms. In the case of P. gingivalis and P. intermedia BHI was further supplemented with hemin and vitamin K1 (both Becton Dickinson, and both 2 wt% end concentration) as well as with isovitalex (Becton Dickinson, 2 v% end concentration). From these stock solutions the dilutions 1 : 2, 1 : 10, 1 : 20, 1 : 40, 1 : 80, and 1 : 160 were prepared in a 96-well-microtiterplate resulting in corresponding nal concentrations of the nanoparticles of 1000 mg mL and in a total volume of 200 mL. The dilutions were prepared with culture media (see above) and pre-culture (see below). For the pre-cultures, the bacteria were grown aerobically (E. faecalis), in 5-10% CO 2 (A. actinomycetemcomitans) or anaerobically (P. gingivalis and P. intermedia) for 24-48 h at 37 C. With each pre-culture between 10 000 and 100 000 cells were added to the microtiter wells. By this method the substance-depending minimal inhibitory concentration (MIC) was determined (Fig. 7) . The minimum inhibitory concentration (MIC) is the lowest concentration of an antibacterial agent required to inhibit further growth of a particular bacterium. From every well of the microtiter plate (Fig. 7a ) an aliquot of 3 mL was plated on Trypticase-Soy-Agar with 5% sheep blood (Oxoid PB5012A, Wesel, Germany) to determine the minimal bactericidal concentration (MBC, Fig. 7b ). In contrast to the MIC, the minimum bactericidal concentration (MBC) is the lowest concentration of an antibacterial agent required to kill a particular bacterium.
Analytical methods
The crystal structure of the zinc peroxide nanoparticles were characterized via X-ray-diffraction measurements (XRD) on a PANalytical Empyrean, using a CuK a radiation (l ¼ 0.1542 nm). The sample compositions were determined via inductively coupled plasma atom emission spectroscopy (ICP-OES) on a Spectroame D of the company Spectro. 1.0 mg of each sample were dispersed in 2.0 mL Milli-Q water followed by addition of 0.5 mL hydrochloric acid (c ¼ 1.0 mol L À1 ). The obtained solution was stirred for ve days and aerwards measured.
The nanoparticle sizes and morphologies were determined via transmission electron microscopy (TEM) on a Libra 120 from Zeiss (U ¼ 120.0 kV). The average sizes were determined by measuring diameters of at least 100 nanoparticles and calculating their standard deviation. One nanoparticle dispersion droplet (c ¼ 3.0 g L À1 ) was placed on 400 mesh carbon coated copper grid (EMS, USA) and dried over night for each measurement. The surface properties of the nanoparticles and their interaction with the Glc-1P were investigated via pH dependent zeta potential measurements and via 31 P high resolution magicangle sample spinning spectroscopy ( 31 P-HRMAS). High-power proton decoupled 31 P high-resolution magic-angle sample spinning NMR spectra were measured at 23 C temperatures with a Bruker Avance III HD 700. The spinial64 pulse sequence was applied to proton frequency for 31 P-1 H heteronuclear decoupling and NMR spectrometer frequency for 31 P was 283.367 MHz. All the 31 P-HRMAS spectra were externally referenced to ammonium phosphate monobasic that has the 31 P resonance at +1 ppm relative to phosphorous acid 85% in H 2 O used as zero ppm reference. The rotor frequency was 5 kHz, the recycle delay was 7 s, the radio-frequency pulse length was 4 ms (75 W), while the dwell time was 4 ms, and the number of scans was 2016. The time domain data were 4k and the zero lling was done with 16k. The relative spectral integral intensities of the peaks were measured using TopSpin 3.2 Bruker soware. Zeta potential measurements were done with Malvern Zetasizer Nano ZS combined with an autotitrator MPT-2. The pH value of the measurement dispersion (c ¼ 1 g L À1 ) was automatically adjusted with hydrochloric acid and sodium hydroxide solutions (c ¼ 1 mol L À1 ). The measurements were performed in a pH range from 2.0 to 10.0.
3 Results and discussion
Chemical structure, size and morphology of ZnO 2 nanoparticles
The obtained zinc peroxide nanoparticles were synthesized with our recently developed continuous and fast synthesis approach (high pressure impinging-jet reactor). 47 Additionally we introduced glucose-1-phosphate as stabilizing and functionalization agent for the rst time and investigated the inuence of different reaction times/cycle numbers (4 to 16 min) and precursor : glucose-1-phosphate ratios ( detected for all samples indicating the presence of nanoparticles. 55 By measuring the full width at half maximum (FWHM) of the reexes 220 and 311 it was possible to calculate the crystallite sizes of the different samples via the well known Debye Scherrer equation (see ESI3 †). Values between 2.7 AE 0.2 and 3.3 AE 0.5 nm could be calculated which supported the nanoparticle diameter determinations based on TEM measurements (see discussion below).
Further different reaction times and Zn(ac) 2 : Glc-1P ratios inuenced the sample compositions. Inductively coupled plasma atom emission spectroscopy (ICP-OES) measurements allowed the determination of the chemical composition ( Table 1 ). The measurements were performed by introducing a dispersion of the nanoparticles to an ionized argon gas which caused a complete ionization of the sample. The resulting ions could be separated by their different mass to charge ratios and it was possible to quantify the concentration of the zinc ions (Zn 2+ ) depending on the intensity of the corresponding ion signal. 56 This enabled the determination of the zinc peroxide glucose-1-phosphate amounts in synthesized ZnO 2 nanoparticles. The experimental data presented in Table 1 indicate that the chemical composition of ZnO 2 nanoparticles is almost not changing with reaction time. This is in line with our expectations because same concentrations of reagents were used in these experiments. The ZnO 2 : Glc-1P ratios vary between 30.35/69.46 and 37.65/62.34 wt% what is an evidence that a relatively high amount of Glc-1P could be immobilized on the nanoparticle surface. Additionally, these data indicate that the synthesis was quite reproducible. It was also possible to observe a correlation between the initial Zn(ac) 2 : Glc-1P ratios and the resulting sample compositions. The amount of Glc-1P in ZnO 2 nanoparticles decreased from 69.46 wt% (synthesis ratio 1/1) to 6.08 wt% (synthesis ratio 10/1) while the zinc peroxide sample amount increased from 30.53 wt% to 93.91 wt%. This behavior was in line with the expectations due to the fact that a higher initial synthesis amount of glucose-1-phosphate should result in more immobilized stabilizer molecules on the nanoparticle surface. The experimental XRD and ICP-OES data indicate that the structure and chemical composition of nanoparticles can be well controlled by the variation of synthesis parameters. In addition, ICP-OES proves that the Fig. 3 (only representative samples; other images see ESI4 †)). It could be shown that different reaction times (cycle numbers) inuenced the nanoparticle diameter while different precursor : glucose-1-phosphate ratios had nearly no effect on the nanoparticle sizes. The nanoparticle diameter decreased from 9.4 AE 5.2 to 5.0 AE 1.5 nm by increasing the reaction time from 4 to 12 min (cycle number from 10 to 30). The decrease of the nanoparticle sizes can be explained by the longer exposition of the particles to the shear and impact forces inside the reaction chamber. A longer expositions means that the nanoparticles are more oen exposed to abrasive effects inside the reaction chamber which decreased the particle sizes. The decrease of the standard deviation would support this assumption. An additional increase of the reaction time to 16 min (cycle number 40) resulted in an increase of the particle diameter to 6.3 AE 1.8 nm. This behavior can be explained by Oswald ripening taking place at the long reaction times.
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Contrary nanoparticle sizes between 4.1 AE 1.4 nm and 4.8 AE 1.7 nm could be detected for the Zn(ac) 2 /Glc-1P ratios 2/1, 4/1, 6/ 1 and 8/1 indicating no inuence of the precursor : stabilizer ratio to the nanoparticle sizes. Only the 10/1 sample showed a divergent behavior. Some aggregates/agglomerates could be detected beside the small nanoparticles indicating that a stabilizer sample amount of 6.08 wt% was not sufficient to prevent the nanoparticles fully from aggregation/agglomeration. Furthermore the comparison to the crystallite size calculations indicated that the synthesized nanoparticles consisted most probably of two or three crystallites each. These data showed that glucose-1-phosphate seemed to be a very effective stabilizer for the synthesis in impinging jet reactor due to the fact that even a stabilizer sample amount of 16.52 wt% led to uniform and small nanoparticles with a diameter of 4.8 AE 1.7 nm. This good stabilizer property could be assigned to the hydrophilic glucose ring, which could introduce a quite steric stabilization to the nanoparticle surface.
Chemical composition of ZnO 2 nanoparticles surface
Previous studies showed that phosphate functions had a very high affinity to metal oxide surfaces which resulted in a good stabilization of different metal oxide particles like titanium dioxide, stannic dioxide or zinc peroxide. 47, 58, 59 This led to the assumption that the Glc-1P should strongly interact with the zinc peroxide surface via its phosphate function leading to a stabilization of the nanoparticles. Solid state 31 -phosporous nuclear magnetic resonance measurements ( 31 P-NMR) were performed to investigate binding of Glc-1P to the surface of zinc peroxide nanoparticles. One representative synthesized sample (ZnO 2 /Glc-1P (1/1)_30c (12 min)) and the reference substance Glc-1P were measured and the comparison of the different 31 P-NMR signals enabled the enlightenment of the type of interaction between the Glc-1P and the nanoparticle surface (Fig. 4a) . The reference substance measurement showed one signal at À11.59 ppm, which could be assigned to the phosphor atom and several signals at À47. 24 shi (lower ppm) of À3.0 ppm and a downeld shi (higher ppm) of +17.6 ppm was observed for the two different phosphor signals compared to the one reference signal. Previous studies showed that an upeld shi is mostly caused through the chemisorption of phosphate ligands via the P-OH function on metal oxide surfaces resulting in mono-, bi-or trident bondings. 62 Considering the relatively low upeld shi of À3.0 ppm a mono dentate bonding of the Glc-1P on the nanoparticle surface is most likely. The strong downeld shi of +17.6 ppm can be explained through the interaction between the P]O function and hydroxyl functions present on the nanoparticle surface (physisorption). 62 This two different types of interaction are in good correlation to the broadening of the NMR signals mentioned above and proved clearly the binding of Glc-1P on the nanoparticle surface. Additionally pH dependent zeta-potential measurements were performed to validate and support the assumptions made based on the 31 P solid-state NMR measurements (Fig. 4b) . A modica-tion of the zinc peroxide surface by the glucose-1-phosphate should result in a variation of the surface charge of the synthesized nanoparticles. The comparison with a reference measurement of unmodied zinc peroxide revealed that indeed differences occurred. The zeta-potential measurement showed for the zinc peroxide reference the typical ampholyte behavior with an isoelectric point at approximately pH ¼ 8.00. This behavior is caused via the hydroxide functions present on the surface of unmodied zinc peroxide. The hydroxide functions were protonated in acidic media which resulted in a positive surface charge (44.52 mV), while they were deprotonated in basic media resulting in a negative surface charge (À27.28 mV). 63 Contrary the measurement of the modied nanoparticles showed a different behavior. Again an ampholyte progression could be observed but the isoelectric point was shied to the pH value 4.88. Additionally a decrease of the surface charge could be observed. For example, difference in surface charge of approximately 30.00 mV at pH ¼ 2.50 was observed, while at a pH value of 8.20 the difference between the modied nanoparticles and the reference zinc peroxide was nearly not existing. This divergent and approaching behavior can be explained through the glucose ring of the stabilizer. This contains four hydroxide functions, which can be protonated and deprotonated similar to the hydroxide functions of the non-modied zinc peroxide. But due to the modication of the nanoparticle surface and the steric demanding of the glucose ring a signicant decrease of the accessible surface hydroxide functions was achieved in comparison to non-modied zinc peroxide. This decrease caused the lower surface charge in acidic and lightly basic media and explained the approaching of the two measured curves in stronger basic media.
Oxygen release properties of ZnO 2 nanoparticles
Beside the investigations of the sample compositions, the nanoparticle sizes, morphologies and surface properties, the oxygen release properties of the ZnO 2 nanoparticles were investigated. Previous studies showed that the oxygen release from ZnO 2 nanoparticles can be triggered by temperature increase or pH variation. 47 Due to the fact that the Glc-1P functionalized ZnO 2 nanoparticles can be potentially used for biomedical applications, we only investigated the pH triggered oxygen release in aqueous solutions. Zinc peroxide dissociates in aqueous acidic media into zinc ions (Zn 2+ ) and hydrogen peroxide (H 2 O 2 ) while the hydrogen peroxide can be immediately converted into water and oxygen in presence of metal salts or metal oxide surfaces which are provided by the nanoparticles (Fig. 5c) . 64, 65 The quantications of the pH induced oxygen releases of the different samples were done by time dependent measurements (approximately six days) via an optical oxygen sensor FDO®925 from WTW (functionality information are discussed in Section 2.3) (Fig. 5, Table 2 ). The measurements were carried out in degassed aqueous media under an inert argon atmosphere to prevent a distortion of the quantication through atmosphere oxygen. Additionally a water reference measurement was performed at identical measurement conditions and these data were used as a baseline. The measurements were carried out at different pH values (8.5, 7.5, 6.5) and at room temperature (T ¼ 23 to 24 C). The measurements showed for all samples a constant oxygen release for at least four days resulting in a saturation curve, which can be explained through the measurement setup. The measurement solutions were degassed and kept under an argon atmosphere to ensure that nearly no oxygen is present at the measurement start. Aerwards the nanoparticles released constantly oxygen which concentrated in the measurement solution until the nanoparticles became inactive which caused the plateau beginning aer four days. The comparison with literature values proved that the plateau can only be caused through the nanoparticle deactivation due to the fact that the maximum concentration of dissolved oxygen in water was not reached at the end of the measurements (8.7 to 8.4 mg L À1 at 23 to 24 C). 66 The measurements of the different samples at a constant pH value of 6.5 revealed that the amount of released oxygen was dependent on the sample compositions and the nanoparticle sizes (Fig. 5a ). The amount of released oxygen increased with increasing zinc peroxide sample content and with decreasing nanoparticle diameter. For example sample ZnO 2 /Glc-1P (1/1)_30c (12 min)_pH 6.5 released 1.38 mg L . The measurements showed also that all synthesized samples released more oxygen than the measured bulk reference substance (0.93 mg L À1 ). Even the sample ZnO 2 /Glc-1P (1/1)_30c (12 min)_pH 6.5 showed a higher activity despite it's relatively low zinc peroxide content of 30.53 wt%. These observations supported the assumption that smaller particles were capable of releasing more oxygen because of the larger surface area. In addition to the inuence of the sample composition and the particle size of ZnO 2 nanoparticles on the amount of released oxygen, the inuence of different pH values was investigated. Different pH dependent measurements (pH ¼ 8.5, 7.5, 6.5) of the same sample (ZnO 2 /Glc-1P (8/1)_30c (12 min)) showed that with decreasing pH value the oxygen release increased (Fig. 5b) . The amount of released oxygen increased constantly from 0.39 to 1.05 and 2.06 mg L À1 with changing pH value from 8.5 to 7.5 and 6.5. This observations were in line with the expectations due to the fact that a slightly acidic environment accelerates the oxygen release by faster decomposition of the zinc peroxide nanoparticles.
64,65
Interaction of ZnO 2 nanoparticles with proteins
Aer demonstration that the glucose-1-phosphate could be immobilized on the nanoparticle surface the recognition of the 
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For this study the lectin Concanavalin A (ConA) was used to show that the synthesized nanoparticles indeed interact speci-cally with biomolecules through the surface located glucose function. ConA is a lectin, which interacts specically with the a forms of mannose and glucose and can be found in plants, animals and microorganisms. 68, 72, 73 The protein consists of four identical subunits with a molecular weight of approximately 27 000 for each monomeric unit. 74, 75 ConA subunit interactions are dependent on pH. At pH values between 2.0 and 5.5 ConA consists of two non covalently bound subunits building a dimer, whereas at pH values above 5.5 a tetramer with a molecular weight of 110 000 Da is formed. 76, 77 The interactions between the subunits contain mostly of hydrogen and salt bridge bonds explaining the pH dependence. 75 The subunit carbohydrate binding sites of ConA facilitate mostly hydrogen bonds to the oxygen atoms of glucose or mannose through the amino acid residues Arg228, Asn14, Asp208, Tyr100 and Leu99. 78 During this interaction the position of the oxygen atoms of the sugar molecules is crucial for the strength of the resulting bonding. Previous studies showed that ConA establishes in total eleven hydrogen bonds to methyl-a-D-mannopyranoside but especially three bonds showed an increased stability due to nearly linear bond angles and short bond lengths caused through the O-atom-positions. Beside the hydrogen bonds hydrophobic interactions take also part in the specic interaction of ConA and glucose or mannose molecules. It was shown that the aromatic ring of Tyr12 interacts with two C atoms of the pyranose ring resulting in a stabilization of the binding site. 78 These specications made the ConA a suitable choice to investigate the binding properties of the synthesized and functionalized zinc peroxide nanoparticles.
Two different types of uorescent measurements were performed to investigate the specic interactions between the ConA and the functionalized nanoparticles (Fig. 6) . First, the quantication of the interactions was investigated for different synthesized ZnO 2 samples followed by an inhibition measurement of one selected sample. The quantication of the immobilized ConA on the nanoparticle surface was achieved through it's labeling with the uorescent dye Oregon Green. Additionally to these measurements a reference measurement (ZnO 2 -ref) of comparable zinc peroxide nanoparticles (d ¼ 6.1 AE 2.9 nm) stabilized with the organic molecule dioctyl sulfosuccinate (AOT) was performed too (characterization details see ESI5 and 6 †). The surface charge of these particles was nearly neutral (À2.0 mV) at selected measurement conditions (similar to Glc-1P stabilized particles), but contrary these particles should not show any binding of ConA due to absence of glucose or mannose molecules on the nanoparticle surface.
The uorescence measurements for the different synthesized samples (Fig. 6a) showed clearly a dependence of the ConA binding properties of the nanoparticles to the different sample compositions. All Glc-1P functionalized ZnO 2 nanoparticles showed a signicant higher uorescence compared to the reference nanoparticles stabilized with the surfactant AOT. The reference measurement showed only a minor uorescence caused by non-specically bound ConA. 79 The signicantly higher uorescence of the other samples can only be explained through a higher amount of immobilized ConA indicating the specic interaction of the ConA with the accessible glucose rings on the nanoparticles surface. 78 Additionally the interaction between the nanoparticles and the ConA was dependent on the sample compositions but did not show the expected trend. A higher sample content of Glc-1P should result in a better immobilization of the ConA and subsequently in a higher uorescence but the sample ZnO 2 /Glc-1P (2/1)_30c (12 min) with the highest Glc-1P amount of 49.10 wt% showed the lowest uorescence of the Glc-1P functionalized nanoparticles. In contrast to that the sample ZnO 2 /Glc-1P (4/1)_30c (12 min) (Glc-1P amount ¼ 26.38 wt%) showed the highest uorescence followed by a continuously decrease in uorescence (fewer immobilization of ConA) with decreasing Glc-1P content for the other samples. An explanation for lower binding of ConA to the ZnO 2 /Glc-1P (2/1)_30c (12 min) sample could be that the accessibility of the glucose rings was inhibited due to the high amount of stabilizer (higher packing density) which could cause a different orientation of the Glc-1P molecules on the nanoparticle surface compared to the other samples. Similar results were achieved for the stabilization of gold nanoparticles with different carbohydrates. The investigations showed that carbohydrates with longer spacer units provided a better immobilization of ConA due to the better accessibility of the mannose rings.
80
To support the assumption that the ConA specically interacted with the glucose ring of the Glc-1P additionally one inhibition measurement was performed for the sample ZnO 2 /Glc-1P (4/1)_30c (12 min) (Fig. 6b) . The difference to the previous measurements was that different amounts of mannose were added to the measurement solution before the addition of the ConA. Through the higher specic affinity of the ConA to the mannose than to the glucose a steady decrease of the ConA binding to the nanoparticles should be observed with increasing mannose concentration. The higher affinity of the mannose to the ConA is mostly based on the geometrical position of it's hydroxyl group oxygen atom. For example are eighteen atoms within the ConA binding pocket in a range of 4Å to this oxygen atom while for the glucose hydroxyl group oxygen atom only ve atoms are in the same range. This results in the formation of more extensive van der Waals forces for the mannose causing a higher affinity. 81, 82 The uorescence measurements showed exactly this behavior. The uorescence of the particles decreased with increasing mannose concentration showing that fewer ConA molecules were immobilized on the nanoparticle surface. A critical point was reached at a mannose concentration of 2.22 mM at which the uorescence decreased strongly. Aer this point the Glc-1P functionalized nanoparticles showed nearly the same uorescence like the reference nanoparticles indicating that no ConA was immobilized specically aer this point anymore and that it reacted with the mannose and was washed away during the cleaning process. These measurements showed that the functionalization of the zinc peroxide nanoparticles with Glc-1P lead to specic interactions with ConA and represents a proof of principal for the application of the nanoparticles in biological systems.
Antibacterial properties of ZnO 2 nanoparticles
The microbiological results are presented in Fig. 7 for the two most active zinc peroxide nanoparticles tested so far, ZnO 2 /Glc-1P (2/1)_30c (12 min) and ZnO 2 /Glc-1P (1/1)_30c (12 min). Susceptibility to both nanoparticles was not observed for the robust and aerotolerant Gram-positive species Enterococcus faecalis. Aggregatibacter actinomycetemcomitans was tested with a minimal inhibitory concentration (MIC) of 200 mg mL À1 against ZnO 2 /Glc-1P (2/1)_30c (12 min) and 1000 mg mL À1 against ZnO 2 /Glc-1P (1/1)_30c (12 min). Porphyromonas gingivalis was tested with a minimal inhibitory concentration (MIC) of 1000 mg mL À1 against both nanoparticles ZnO 2 /Glc-1P (2/1) _30c (12 min) and ZnO 2 /Glc-1P (1/1)_30c (12 min). The most susceptible species was found to be Prevotella intermedia, which was tested with a minimal inhibitory concentration (MIC) of 200 mg mL À1 against ZnO 2 /Glc-1P (2/1)_30c (12 min) and even down to 100 mg mL À1 against ZnO 2 /Glc-1P (1/1)_30c (12 min), the latter combination used as a positive control further on. The minimal bactericidal concentration (MBC) for both zinc peroxide nanoparticles was found to be 1000 mg mL À1 for all fastidious bacterial species but not for E. faecalis. These results are in line with the expectation, that the more aerotolerant (resistant to ROS) a bacterial species is, the more it is tolerant to oxygen releasing nanoparticles. Thus, the most susceptible species can be found among obligate anaerobe species such as P. gingivalis and P. intermedia. Interestingly, P. intermedia, known as slightly more aerotolerant than P. gingivalis, was more susceptible (MIC 100-200 mg mL À1 ). This might be due to a higher initial inoculum chosen for P. gingivalis (10 5 instead of otherwise 10 4 cells) to guarantee the principal growth of this very fastidious organism. Also unexpectedly, P. intermedia was slightly more susceptible against ZnO 2 /Glc-1P (1/1) _30c (12 min) with a MIC of 100 mg mL À1 than ZnO 2 /Glc-1P (2/1)_30c (12 min) with a MIC of 200 mg mL À1 . This could be evidence for the fact that adherence mediated by the Glc-1P outer layer plays a very important role in the biological activity of the composed nanoparticles as the Glc-1P concentration is 69.46 wt% versus 49.10 wt% and thus 41.4% higher (Table 1) . However, this nding has to be veried with additional obligate anaerobic (both Gram-negative and -positive) bacterial species and further ZnO 2 /Glc-1P samples with a varying composition. The antimicrobial tests should also be repeated with different pH values as lower pH increases oxygen release (Fig. 5b) . However, as a pH of 7.4 AE 0.4 is optimal for most microorganisms the physiological range for testing is rather limited.
Conclusions
In this study we report facile synthesis route to obtain ultrasmall and uniform biofunctionalized glucose-1-phosphate (Glc-1P)-coated zinc peroxide (ZnO 2 ) nanoparticles. The synthesized nanoparticles revealed diameters between 4.0 AE 1.2 nm and 9.4 AE 5.2 nm depending on different reaction time and initial GLc-1P concentration. It could be shown via solid state 31 -phosporous nuclear magnetic resonance measurements ( 31 P-NMR) and pH dependent zeta-potential measurements that glucose-1-phosphate (Glc-1P) interacted with the nanoparticle surface via its phosphate function through chemi-and physisorption forming monodentate bonds and hydrogen bonds with ZnO 2 surface. This specic interaction, in combination with the special reaction system setup ensured formation of ultrasmall, monodisperse zinc peroxide nanoparticles with tunable size and controlled amount of surface-anchored Glc-1P. Fluorescence measurements showed a specic interaction between the lectin Concanavalin A (ConA) and Glc-1P attached to the nanoparticles surface. Time dependent measurements revealed that the ZnO 2 nanoparticles release different amounts of oxygen depending on the sample composition and the pH value of the aqueous solution. It could be shown that nanoparticles released oxygen up to four days and that a slightly acidic environment can accelerate the oxygen release. Antimicrobial tests (determination of MIC and MBC at 37 C and pH 7.4 AE 0.2) performed with four bacterial species exhibiting different susceptibility to oxygen conrmed the antimicrobial activity of ZnO 2 nanoparticles.
